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Abstract
Virtual reality technologies are being widely adopted in the field of sport psychology. One of the advantages of 
this kind of technology is the possibility to assess sportsmen’ readiness to perform complex movements. The 
study is aimed at developing a method of vestibular function disturbances evaluation for young skaters. These 
disturbances may occur while skaters perform rotation movements. To achieve the goal we initiated the vection 
illusion which takes place during the process of virtual environment rotation in the CAVE virtual reality system. 
The test of vestibular dysfunction was performed by two groups – professional skaters and people who have very 
little experience as skaters or have no such experience at all. As a result we introduced a quantitative evaluation 
rate of vestibular dysfunction on basis of eye movement characteristics which are registered when the vection 
illusion takes place.  
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1. Introduction 
Figure skating is one of the most spectacular and beautiful kind of sports. Like any other sport figure skating 
has a beneficial effect on the human body as a whole, and particularly on the development of musculoskeletal 
system and the function of sensory systems. Multiple acceleration and deceleration, bending and rotation, the 
complexity of keeping a balance on a small area of support develop the vestibular apparatus, which results in 
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more accurate analysis of position and movements of the body in space. Different sensory systems such as motor, 
vestibular, auditory, visual and tactile systems inform the central nervous system of the sportsman about the 
movement characteristics, which creates an integrated view of body position on the ice - ice feeling [1]. Signals 
from receptors of the internal organs are also involved in the analysis of motor activity of the skater, helping him 
to evaluate his state and promoting proper layout forces during the execution of the program. 
The vestibular sensory system plays a significant role in figure skating due to the large proportion of rotational 
movements and changes of direction and speed. Constant impulses from otolith apparatus receptors and 
semicircular canals during complex movements performance increase accuracy of the vestibular system activity, 
which leads to better spatial orientation, coordination and control of the position of the body. At the same time 
sportsmen are less inclined to the dysfunctions of vestibular system such as nausea, ataxia, changes in heart rate 
and blood pressure, oscillatory eye movements and head movements. Insufficient stability of the vestibular 
apparatus in novice skaters causes noticeable disorder in coordination of hands and feet. Thus laboratory studies 
with rotation Barany chair caused the subject’s acute dysfunctions of physical and mental capacity for work, 
cardiac abnormalities, which with long rotations led to a state of collapse [2]. 
The stability function of the vestibular apparatus increases already at an early stage of learning in young 
skaters (11-13 years). This effect does not require special training methods and is caused by daily exercises with 
the presence of different kinds of angular accelerations, applied by skaters [3]. Skilled skaters perfection of the 
vestibular apparatus functions provides enhanced stability of pose preservation - static stability. If we compare 
pose stabilization of skaters and other sportsmen we will see that skaters have minimal head oscillation, not only 
at rest but also immediately after vestibular workload. So, after rotations in suspension on the sinking trapeze 
skaters could immediately drop their hands after getting to their feet and take a steady standing position, while 
individuals not adapted to such pressure were undecided for some time (the time of hesitation was 2-4 seconds) 
until they dropped their hands [4]. 
On ice highly skilled skaters can repeatedly perform simple elements with a small spread, even with closed 
eyes which indicates that they can exactly maintain their balance without visual control. Vestibular loads do not 
cause for them significant changes in time, power and spatial parameters of movement accurate performance, 
especially for rotations in the usual direction (which is a left-side rotation for most skaters). The effect of 
vestibular overloads on movement depends not only on skill, but also on sports specialization. In the figure 
skating vestibular apparatus stability is higher than that of the pair skating and ice-dancing [5]. Even with 
rotations in an unusual direction (right) they have fewer changes in movement characteristics. 
Throughout the year training cycle adaptation of athletes to the vestibular stress can increase [6]. Highly 
skilled skaters showed less eye oscillation in frequency, amplitude and duration during the competitive period in 
relation to the precompetitive one. Accordingly movement disorders such as loss of equilibrium of the body in 
space, lack of coordination during rotations and jumps were less frequent. 
Optimal level of body functional state is provided by the effective functioning of the vestibular sensory 
system. With an increase in fatigue the vestibular resistance is reduced which becomes apparent with the 
phenomenon of naupathia. Motion sickness was observed, for example, in the precompetitive period at the end of 
a week micro cycle after an intense training [7]. Fatigue, developing at the end of the execution of arbitrary 
programs, increased the body's sensitivity to the vestibular irritation and worsened motor coordination processes 
and postural control. Sample rotation in vise on the sinking of the trapezoid show that after the execution of 
arbitrary programs by figure skaters the time of indecision was tripled. Deterioration of postural control was 
especially apparent after the execution of arbitrary programs with a constant change of pace and movements 
character [8]. Thus, a characteristic feature of the fatigue in skating is reduction of the vestibular system stability, 
which leads to an increase in the number of errors at the end of the execution of arbitrary programs. 
Due to the high requirements that are applied by skating to vestibular apparatus, its status is to be tested and 
taken into account in the selection of promising skaters. The reaction of the body on active and passive rotation 
can be chosen as the criteria for evaluation of the sustainability of the body to the vestibular stress [9]. Lack of 
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vestibular apparatus sustainability can be seen in changes in electrical activity and blood flow of the brain, 
changes by 15-20% of blood pressure, heart rate, respiration, decrease by 15-20% of temporal, spatial and power 
characteristics of movements, increasing of the duration of nystagmus up to 60 seconds and over, disturbances in 
motor coordination and gait, tremor and so on. 
At the present stage it is to develop new diagnostic methods of formation of vestibular function in athletes of 
different age groups. It requires special modern equipment which allows first to test the physiological 
characteristics mentioned above and second to initiate vestibular function disturbances. The achievement of the 
second goal is possible due to the use of virtual reality systems which allows to imitate different types of 
observer’s virtual environment rotation and to test physiological characteristics in real time [10].  
2. Method  
In our study we develop a method of quantitative evaluation of vestibular function disturbances in young 
sportsmen applying virtual reality technologies. 
As far as the activity of vestibular function largely depends on signals of visual modality, the vection illusion, 
which occurs in the conditions of global rotation of the visual stream, was used to imitate vestibular function 
disturbances. The experience of vection illusion is subjectively manifested in how the sportsman perceives his 
body movements. It is suggested that the cause of such illusion is the sensory conflict between visual, 
proprioceptive and vestibular channels [11]. The sensory conflict ends in discomfort sensations similar to the 
sensations during vestibular apparatus dysfunction (nausea, vertigo and so on) and also in eye nystagmus. To 
evaluate quantitatively vestibular function disturbances we suggest using such eye movement characteristics as 
frequency and duration of blinks and fixations, which are inclined to increase with the nystagmus. We suppose 
that the nystagmus is a compensatory mechanism for the sensory conflict reduction which reflects the efficiency 
of the vestibular apparatus activity.  The more blinks and fixations we have and the less is their duration the more 
efficient is the reduction of the sensory conflict by the eye movement nystagmus mechanism. This index should 
be much more pronounced in the sportsmen in comparison with the non-trained tested subjects, as far as the 
sportsmen are more adapted to the vestibular stress. 
The study involved 15 figure skaters aged from 16 to 18 (experimental group) and 15 students of the 
Lomonosov Moscow State University aged 17-18 (control group), who had very little experience as skaters or 
had no such experience at all. As the tested subjects from the experimental group had been doing skating for not 
less than 9 years they had formed skills which allowed them to resist different kinds of vesibular stresses. All 
subjects have normal or corrected vision and have no pathology of the vestibular apparatus. 
The experiment was carried out with the use of the CAVE system Barco ISpace 4, which had four large flat 
screens, representing three walls and the floor. Shutter eye glasses were made by CrystalEyes 3 Stereographics. 
Projection system was based on BarcoReality 909. The projector's matrix resolution was 1400x1050 with 100 Hz 
update frequency. Tracking system was produced by ArtTrack2. VirTools 4.0 was used for software developing. 
It supported DX9/GL2, HAVOK, particle systems and shaders.  
Stimulation of the vection illusion was performed with 256 blue circles on a black background moving along 
elliptical trajectories with a changing angle of slope. The tested subject was placed in the centre of the CAVE at 
the distance of 1.3 m from the front screen. His task was to stand still and look straight ahead at the blinking 
fixation point which was placed at the centre of the front screen. Impact of the virtual environment lasted two 
minutes and within this time the stable vection illusion took place. 
The Simulator Sickness Questionnaire (SSQ) was used to evaluate the intensity of vection illusion. The total 
score of the questionnaire shows the rate of subjective discomfort [12], as well as the eye movement 
characteristics during the rotation simulation impact.  As far as human’s eye tends to perform oscillatory 
movements during the observation of visual simulation in 3d to stabilize the gaze position (nystagmus) it was 
suggested that this compensatory mechanism was used as the indicator of vestibular dysfunction. It was supposed 
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that firstly the visual system uses nystagmus mechanism to reduce sensory conflict and secondly that its intensity 
shows itself in eye movement characteristics: the more blinks and fixations we have and the less is their duration 
the more efficient is the reduction of the sensory conflict by the eye movement nystagmus mechanism. 
Eye movements were recorded with the help of portable SMI Eye Tracking Glasses. Their size is 178x85x265 
mm (width,  height,  depth respectively) which enabled us to place them inside the shutter glasses. The position of 
the gaze was recorded at the frequency of 60Hz. For processing of different eye movement characteristics Be 
Gaze software was used. Statistical processing was carried out with the help of SPSS 17.0. 
 
3. Results and Discussion 
The result of the performed experiment allowed us to estimate the number and duration of fixations and 
blinking as well as the amplitude of saccadic eye movements during vection illusion for all of the tested subjects. 
In addition we calculated the total point of the SSQ questionnaire. Significant differences in indices of eye 
movements between the experimental and control groups were revealed. Thus the number of fixations (t=2,208, 
df=29, p<0.05) and the number of blinks (t=2,066, df=29, p<0,05) was significantly greater in professional 
sportsmen (Fig.1). The average duration of fixations (t=2,457, df = 29, p<0.05) and blinking (t=2,078, df=29, 
p<0.05) was significantly greater in tested subjects of the control group (Fig. 2). The obtained facts show that the 
sportsmen not only perform more retro-movements of the eyes but have minor duration of the mentioned types of 
movements. This confirms our suggestion that the figure skaters use more fixations and blinks as a compensatory 
mechanism for discomforts caused by vection. Average values of the amplitudes of saccades (Fig. 3) also showed 
significant differences: they were significantly fewer for professional skaters. (t=2,871, df=29, p<0.05). We can 
conclude that eye oscillation of the skaters have minor amplitudes during the retro-movement performance. 
Total scores obtained by the SSQ questionnaire, were consistent with the eye movements (Fig. 4). Thus, the 
subjects from the control group revealed significantly higher level of subjective discomfort in comparison with 
skaters (t=2,056, df=29, p<0.05). It is important to mention that professional skaters gave a higher ranking to 
questions of the oculomotoroius section of the questionnaire, such as, for example, the difficulty of focusing, 
while the tested subjects of the control group were inclined to give a higher ranking to questions related to 
disorientation. We can suppose that oculomotorious mechanisms of the sportsmen are most important in 
increasing of body stability position which is revealed in the total score of the questionnaire.  
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Fig. 1. Blink and fixation frequency for the experimental and control groups. 
 
Fig. 2. Average blink and fixation durations for the experimental and control groups. 
 
Fig. 3.  Average saccade amplitudes for the experimental and control groups. 
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Fig. 4. SSQ Total scores for the experimental and control groups. 
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3. Conclusion  
The task of vestibular function activity perfection can be accomplished with more efficiency with the help of 
virtual reality systems which enable to imitate different kinds of vestibular function disturbances and test their 
intensity in real time.  Virtual reality technologies can be successfully applied in testing sportsmen of different 
ages.  Their application is crucial for testing children who undergo professional selection, as far as it enables to 
evaluate their abilities to reduce sensory conflicts without additional physical loads and tests. The development of 
the HMD virtual reality technologies will enable to carry out potentially more efficient and more rapid methods 
of special professional systems and skills diagnostics. 
The method developed in the course of our study and based on eye movement characteristics can be 
successfully applied in vestibular function disturbances intensity diagnostics. We revealed typical changes of eye 
movement characteristics for sportsmen and for non-trained tested subjects under the conditions of moving visual 
stimulation. The professional skaters due to the development of vestibular function showed more active eye 
movements – the increase in frequency of blinks and fixations, the decrease of duration of these characteristics 
and the decrease in saccadic amplitudes. Such changes in eye movement characteristics are caused by nystagmus 
mechanism which is necessary for vestibular disturbances compensation. The results of the Simulator Sickness 
Questionnaire are consistent with the data of eye movement evaluation. 
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